INTRODUCTION {#s1}
============

The unicellular protozoan Trypanosoma cruzi is considered to be one of the most significant disease-causing parasites in the Americas. An estimated 7 million people are infected by this parasite, resulting in approximately 50,000 deaths annually ([@B1], [@B2]). Chronic infection by T. cruzi often results in a malady better known as Chagas disease, characterized by the destruction of both smooth and cardiac muscle, causing significant morbidity and mortality in those affected. Currently, there is no effective vaccine against infection and available therapies often fail to cure ([@B3][@B4][@B7]). A better understanding of the basic biology of this parasite is essential to being able to identify unique cellular pathways and processes that might be targets for future drug design. Ensuring successful transmission between its vertebrate and invertebrate hosts relies on the ability of T. cruzi to effectively consume host resources in order to grow and propagate; thus, its catabolic capacity and virulence remain inextricably linked ([@B8]). Unfortunately, very little is known about how T. cruzi extracts sustenance from the highly disparate environments of its insect and mammalian hosts, but it stands to reason that if its feeding could be inhibited, it would compromise the parasite's ability to disseminate and cause disease.

Understanding nutrient uptake in T. cruzi has been surprisingly difficult as it does not share the flagellar-pocket-centered endocytic pathway of its more heavily studied pathogenic relatives (T. brucei or *Leishmania* spp.) ([@B9][@B10][@B11]). Notably, T. cruzi employs a more ancient mode of endocytosis analogous to what is observed in its monoxenous trypanosomatid relatives (e.g., Paratrypanosoma confusum) or even in free-living bacterivorous kinetoplastids (bodonids) ([@B12]). These organisms, like many ciliates, feed via a tubular invagination (cytopharynx) that originates at a cytoplasmic membrane opening (cytostome) and, at least for free-living protozoans, is used to filter feed and engulf prey ([@B13], [@B14]). In T. cruzi, endocytosed material is initially shuttled to late endosome-like storage structures known as reservosomes that, when needed, are converted into digestive lysosomes for the liberation of simple nutrients. This feeding structure, referred to here as the cyto[s]{.ul}tome-cyto[p]{.ul}harynx [c]{.ul}omplex (SPC) has, strikingly, been completely lost in the closely related dixenous trypanosomatids that infect humans (T. brucei and *Leishmania* spp.) ([@B15]). An obvious question emerges from this observation: why was the SPC lost in the salivarian trypanosomatids but retained in T. cruzi? Although speculative, it potentially resulted from the unique environments specifically inhabited by this pathogen: the insect vector hindgut and the mammalian host cytosol ([@B16][@B17][@B18]). Because we know so little about how this organelle functions in any protozoan, much less in T. cruzi, we have relied almost entirely on electron microscopy (EM) tomography and three-dimensional (3D) reconstruction work for insights into its basic structure and dynamic behavior. Those studies revealed that the SPC disassembles during division as well as in the infectious stages of the parasite ([@B19], [@B20]). Structurally, those studies were also the first to show that the T. cruzi cytostome-cytopharynx complex utilizes a quartet of microtubule root fibers (which we term "CyQ") to guide the internal localization of its structure, potentially acting as guiding rails for the transfer and delivery of endocytosed material to the posterior reservosomes ([@B21]). The CyQ bundle itself emerges from the basal body region and winds around the flagellar pocket, before interacting with the parasite plasma membrane to form a unique surface prominence known as the [p]{.ul}re[o]{.ul}ral [r]{.ul}idge (POR) and bridging the flagellar pocket to the cytostome entrance. This bridging POR membrane is both cholesterol and glycan rich and is also nearly devoid of transmembrane proteins. The membrane surface of the POR also displays an intriguing capacity to nonspecifically adhere to a broad range of protein cargoes prior to its being endocytosed via the SPC ([@B22][@B23][@B24]). This region of the membrane thus has all the hallmarks of a lipid raft, and it is tempting to suppose that the parasite uses glycosylphosphatidylinositol (GPI)-anchored proteins restricted to this region as receptors to both capture cargo and induce endocytosis via a mechanism analogous to the GPI-linked transferrin receptor of T. brucei ([@B25]). At this point in time, however, no cargo receptor proteins have been identified in T. cruzi. In aggregate, these observations suggest that membrane being drawn into the SPC originates at the flagellar pocket and travels up and over the POR, where it binds cargo, and then descends again as it is endocytosed into the internal portion of the SPC ([@B22], [@B23]).

Our lab has previously reported on the first known proteins of this endocytic structure in T. cruzi ([@B26]); since that finding, we have begun to systematically analyze the protein composition of the SPC in order to determine the molecular basis for its construction and function. As part of our ongoing search for SPC components, we initiated a bioinformatics-based approach to identify potential novel machinery. With the SPC-targeted proteins from our first published study serving as guides in our bioinformatics-based search, we have been able to quickly identify and assess the targeting of several dozen proteins. From this initial screen, we identified six previously uncharacterized SPC-targeted proteins. Of the six, four were classified as "hypothetical" and localized to the POR, cytopharynx, or microtubule root fibers of the SPC (named here CP4 through CP7). The remaining two were cytopharynx restricted and were previously reported as orphan myosins (MyoF and MyHd) in an in-depth phylogenetic analysis of the myosin gene family in trypanosomatids ([@B27]). Because MyHd was predicted to be a nonfunctional myosin, we focused on assessing the function of MyoF as it would have the potential to explain how this organelle actively brings in material for digestion. Using a catalytically dead MyoF dominant-negative overexpression line, we observed that parasites were completely devoid of measurable endocytosis. A direct knockout (KO) of MyoF, however, merely caused a reduction in the endocytic rate, indicating that other myosin motors either may be compensating for the loss of MyoF or are operating redundantly within the SPC endocytic system. With this in mind, we localized all remaining orphan myosin motors of T. cruzi and identified three additional myosins (MyoB/C/E) that targeted to distinct subregions of the SPC ([@B27]). We also showed that the C-terminal tails of each motor are sufficient for targeting a fluorescent reporter to the SPC structure. Overall, this work increases our understanding of the SPC organelle's mechanistic underpinnings and suggests an interesting dichotomy in the organization of the cytostome-cytopharynx complex, where sets of molecular motors are targeted to either the POR or the cytopharynx, with each potentially serving a specialized role in the proper functioning of this endocytic organelle.

RESULTS {#s2}
=======

Identification of novel cytostomal machinery. {#s2.1}
---------------------------------------------

As part of our ongoing efforts to characterize the enigmatic SPC feeding apparatus, we aimed to identify novel SPC proteins using a bioinformatics-based strategy, taking advantage of the evolutionary loss of this organelle in the salivarian trypanosomatid lineages. In order to generate a manageable T. cruzi candidate gene list, we first removed potential orthologues from prokaryotes, archaea, and any eukaryote outside Euglenozoa. The resulting list was further reduced by eliminating T. cruzi genes with orthologues in the SPC-less *Leishmania* spp. and T. brucei. Finally, we focused only on those genes also present in the SPC-containing monoxenous trypanosomatid Paratrypanosoma confusum, resulting in a list of 217 genes ([Fig. 1](#fig1){ref-type="fig"}). Our localization screens from this list identified four hypothetical proteins (CP4 to CP7) and two intriguing proteins with predicted myosin domains (MyHd and MyoF) that we localized to the SPC in both epimastigotes ([Fig. 2](#fig2){ref-type="fig"}) and amastigotes (see [Fig. S1A to](#figS1){ref-type="supplementary-material"} E in the supplemental material) using a C-terminal mNeon fusion and the pTREX overexpression vector ([@B28]). With the CP4, CP5, CP6, and MyoF-mNeon overexpression lines, we also demonstrated colocalization with our SPC foundational marker, CP1 ([Fig. S1](#figS1){ref-type="supplementary-material"}F, G, H, and I, respectively). It is worth noting that these identified myosin motors are the first enzymatic components potentially associated with the SPC and had previously been designated as orphan myosins, as they were selectively lost in the SPC-less parasitic trypanosomatids ([@B27]). The CP4 protein (TcYC6_0077270) localized to structures reminiscent of the microtubule root fibers associated with the flagellar attachment zone (arrow) and cytostomal microtubule quartet rootlets ([Fig. 2A](#fig2){ref-type="fig"}; see also [Fig. S1A](#figS1){ref-type="supplementary-material"} and [B](#figS1){ref-type="supplementary-material"}) ([@B15]). Staining of CP4-mNeon-expressing parasites with antibodies (Abs) for the T. cruzi flagellar marker FCaBP highlighted the parallel orientation of CP4 relative to the parasite flagellum ([Fig. S2A](#figS2){ref-type="supplementary-material"}) ([@B29]). A portion of CP4 also colocalized with the basal body marker RP2 using antibodies originally generated for the closely related T. brucei homologue ([Fig. S2B](#figS2){ref-type="supplementary-material"}) ([@B30]). This suggested that CP4 may have a more generalized affinity for microtubule structures in the parasite. In our previous work ([@B26]), we demonstrated that we can highlight the cytostome entrance known as the [p]{.ul}re[o]{.ul}ral [r]{.ul}idge (POR) region of the parasite using the fluorescently conjugated lectin concanavalin A (ConA) and fluorescence microscopy. With this marker, we observed that CP5 (TcYC6_0018160), CP6 (TcYC6_0045070), and CP7 (TcYC6_0058470) localized to the POR ([Fig. 2B](#fig2){ref-type="fig"} to [D](#fig2){ref-type="fig"}; see also [Fig. S1C](#figS1){ref-type="supplementary-material"} and [D](#figS1){ref-type="supplementary-material"}). As with CP4, a portion of the signal for CP5, which also contains a predicted Kelch motif (IPR015915), and for CP7 colocalized with the basal body marker as well ([Fig. S2](#figS2){ref-type="supplementary-material"}D and C, respectively) ([@B31]). The MyoF and MyHd isoforms both contained predicted myosin motor head domains (MYSc_2a) and were shown to localize to the internal tubular (cytopharynx) portion of the SPC ([Fig. 2E](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}; see also [Fig. S1E](#figS1){ref-type="supplementary-material"}). Unlike MyoF, however, MyHd likely does not possess an active myosin domain as it lacks the conserved ATP binding P-loop region ([@B32]), resulting in this gene's designation as a [my]{.ul}osin [H]{.ul}-[d]{.ul}erived protein ([@B27]). Although potentially an artifact due to overexpression, we noted that in SPC-less dividing epimastigotes, MyHd-mNeon showed filamentous labeling of an unusually enlarged posterior structure ([Fig. S2E](#figS2){ref-type="supplementary-material"}). MyoF does contain an intact myosin domain along with a synaptonemal complex 1-like (SCP1) coiled-coil domain ([Fig. 3A](#fig3){ref-type="fig"}); thus, we focused on MyoF as a protein with the potential to be directly involved in the mechanical activity of endocytosis in T. cruzi.

![(Top panel) Bioinformatic identification of potential SPC proteins. The list of 17,713 annotated T. cruzi genes from the Y strain genome assembly was narrowed down to 9,612 genes that do not have orthologues outside the Euglena genus. This list was further trimmed to 4,265 genes by eliminating all genes that have orthologues in *Leishmania* and T. brucei which lack the SPC. The final filter eliminated genes that did not have orthologues in the monoxenous kinetoplastid parasite Paratrypanosoma confusum, which has an SPC, resulting in a list of 217 potential SPC genes. (Bottom panel) List of seven proteins that have been shown to localize to the SPC. ID, identifier.](mSphere.00313-20-f0001){#fig1}

![Identification and localization of six SPC proteins. (A) CP4 localizes to the SPC, potentially on the CyQ and MtQ (arrow) microtubule root fibers and the basal bodies associated with the flagellum (arrowhead). (B to D) CP5 (B), CP6 (C), and CP7 (D) localize to the POR of the SPC labeled by the lectin concanavalin A (purple arrows). CP5 also shows basal body localization (arrowhead). (E and F) Two proteins annotated to contain myosin motor domains (MyoF \[E\] and MyHd \[F\]) localize to the cytopharynx of the SPC. Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (4′,6-diamidino-2-phenylindole) (blue). Scale bars, 2 μM.](mSphere.00313-20-f0002){#fig2}

![Dominant-negative MyoF mutants are defective in SPC endocytosis. (A) Schematic of the *MyoF* gene showing the annotated myosin and SCP1 coiled-coil domains. (B) I-TASSER structure prediction of MyoF (colors) aligned with a known myosin crystal structure (gray) showing ATP binding P-loop region (green) and switch regions (magenta). A conserved lysine residue that is essential for P-loop function is shown in red (K198, arrow). (C) Sequence of the ATP binding P-loop region showing the K198 amino acid residue (red) that was mutated to a glutamine (K198Q) to generate a rigor mutant of MyoF (MyoF-K198Q) for dominant-negative expression. (D) Immunoblot probed with anti-Ty antibody showing similar levels of MyoF and MyoF-K198Q in the chosen subclones. LC, loading control. (E and F) Overexpressed MyoF (E) and MyoF-K198Q (F) fused to mNeon exhibited the same localization in epimastigotes. (G and H) Flow cytometry of epimastigotes after fluorescent BSA feeding shows that the actin inhibitor cytochalasin D prevents SPC endocytosis. (I and J) Flow cytometry of epimastigotes after fluorescent BSA feeding shows a dominant-negative endocytosis defect in the MyoF-K198Q mutants. G and I, counts; H and J, percent positive. Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (blue). Scale bars, 2 μM.](mSphere.00313-20-f0003){#fig3}

10.1128/mSphere.00313-20.1

Identified proteins label the SPC in amastigotes. (A) CP4 shows localization in amastigotes similar to that seen in epimastigotes, with basal body and potential microtubule root fiber labeling. (B) The localization of CP4 in a dividing amastigote labeling both basal body regions (asterisks) and, potentially, the associated microtubule root fibers (arrow). (C and D) CP5 and CP6 both show localization to the preoral ridge (purple arrow) in front of the cytopharynx labeled by anti-CP1 (1:1,000). CP5 also shows the basal body localization observed in epimastigotes (arrowhead). CP6 often shows additional posterior labeling (arrowhead) that, due to its unusual brightness, may represent an overexpression artifact. (E) MyoF shows SPC cytopharynx labeling consistent with the epimastigote localization. (F, G, H, and I) IFAs using anti-CP1 show the SPC localizations of CP4-mNeon (F), CP5-mNeon (G), CP6-mNeon (H), and MyoF-mNeon (I). Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (blue). Scale bars, 2 μM. Download FIG S1, PDF file, 0.6 MB.
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Colocalization of SPC proteins with other cellular markers. (A) CP4-mNeon shows labeling adjacent to the flagellar marker anti-FCaBP. (B, C, and D) CP4-mNeon (B), CP5-mNeon (D), and CP7-mNeon (C) all show some labeling of the basal body region labeled by anti-TbRP2. (E) In dividing epimastigotes, MyHd-mNeon shows a filamentous labeling of an unusually elongated posterior structure. These MyHd-mNeon-expressing epimastigotes did not survive drug selection. Nuclei and kinetoplasts were stained with DAPI (blue). Scale bars, 2 μM. Download FIG S2, PDF file, 0.1 MB.
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Dominant-negative MyoF mutants have a severe defect in SPC endocytosis. {#s2.2}
-----------------------------------------------------------------------

To assess the role of MyoF in the endocytic function of the SPC, we first pursued a dominant-negative strategy to elucidate its contribution to this process. To generate dominant-negative mutants, we overexpressed a version of MyoF with a lysine-to-glutamine substitution in the ATP-binding P-loop at position 198 (K198Q, [Fig. 3B](#fig3){ref-type="fig"} and [C](#fig3){ref-type="fig"}). Previous research on myosins had demonstrated that this mutation results in motors that suffer from a "rigor" phenotype and thus are unable to dissociate from actin filaments. These "dead" myosins therefore could compete for actin binding sites with endogenous MyoF and thus block motor progression ([@B33]). Overexpressed MyoF-K198Q was shown to target properly to the cytopharynx structure and was expressed at levels similar to the wild-type overexpression ([Fig. 3D](#fig3){ref-type="fig"} to [F](#fig3){ref-type="fig"}). To assess endocytic function, we incubated parasites with fluorescently labeled bovine serum albumin (BSA) followed by an analysis of the rate of uptake after 30 min of feeding. Wild-type parasites growing in log phase consistently showed two defined peaks, with the first peak representing dividing parasites which break down the SPC and the second being the actively feeding population. Additionally, we utilized the actin inhibitor cytochalasin D (CytD) as a negative control for complete ablation of endocytosis as has been shown previously with the functionally similar cytochalasin B ([@B34], [@B35]) ([Fig. 3G](#fig3){ref-type="fig"} and [H](#fig3){ref-type="fig"}). Comparing parasites overexpressing wild-type MyoF-mNeon to the dominant-negative mutants, we observed a near complete loss of endocytic function in these parasites ([Fig. 3I](#fig3){ref-type="fig"} and [J](#fig3){ref-type="fig"}). Although the effects were milder, it should also be noted that overexpression of the wild-type MyoF-mNeon and even a motorless C-terminal portion of MyoF-mNeon ([Fig. S3A](#figS3){ref-type="supplementary-material"}) also reduced the endocytic rate of parasites, suggesting that overexpression of the SPC components could itself impact endocytosis albeit not to the same extent as that seen with the MyoF-K198Q mutant. Overall, this implied that the catalytic activity of MyoF plays a critical role in the ability of T. cruzi to pull in cargo via its cytostome-cytopharynx complex but also revealed an unanticipated conundrum; the parasites were able to survive and grow in culture at rates on par with wild-type parasites despite the absence of measurable endocytic function ([Fig. S3B](#figS3){ref-type="supplementary-material"}). This phenomenon suggested that we would be able to generate gene deletion knockouts of essential endocytic components and analyze SPC function directly without impacting parasite fitness in culture.

10.1128/mSphere.00313-20.3

Endocytosis assays of C-terminal MyoF overexpression mutants and MyoF dominant-negative growth curve. (A) Representative endocytosis assay shows that overexpression of the C-terminal region of MyoF (aa 904-1481) fused to the C terminus of mNeon (*MyoF-Ct*) was sufficient to cause a dominant-negative effect on endocytosis. (B) Growth assay showing that expression of dominant-negative MyoF-K198Q did not have a deleterious effect on growth in LIT media. Download FIG S3, PDF file, 0.3 MB.
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Deletion of MyoF results in a reduced rate of SPC-mediated endocytosis. {#s2.3}
-----------------------------------------------------------------------

As stated previously, endocytosis was undetectable in the dominant-negative MyoF overexpression mutants with no apparent impact on growth or viability; thus, we attempted to generate homozygous deletion mutants of MyoF to enable us to perform a more detailed analysis of its role in parasite feeding. Using a CRISPR/Cas9-mediated gene deletion strategy ([Fig. 4A](#fig4){ref-type="fig"} schematic; see also [Fig. S4B](#figS4){ref-type="supplementary-material"}), we induced double-stranded breaks followed by homology-mediated repair to replace the coding region of MyoF with the blasticidin resistance marker ([@B36]). Following drug selection and clonal isolation, homozygous deletion mutants were identified using diagnostic PCR to identify the modified locus using primers that amplify from the 5′ and 3′ untranslated regions (UTR) of the MyoF gene. Using this method, we were able to distinguish parental, heterozygous, and homozygous knockout (KO) clones. Prior work to generate homozygous double deletion mutants in T. cruzi required the use of two different drug markers, one per gene locus; however, using the CRISPR/Cas9 strategy, we can drive a single drug marker into both alleles assuming there is no severe decrease in fitness or viability ([Fig. 4B](#fig4){ref-type="fig"}, diagnostic PCR). In order to demonstrate that the altered endocytosis was indeed due to a loss of MyoF, we also complemented this gene back into its endogenous locus using CRISPR/Cas9 targeting of the blasticidin drug marker and its replacement with a Ty-tagged version of the MyoF gene as well as a hygromycin resistance marker ([Fig. 4A](#fig4){ref-type="fig"}, schematic). A diagnostic PCR and Western blot analysis of the complemented MyoF-Ty were performed to demonstrate the presence of an altered genetic locus and correct protein size ([Fig. 4B](#fig4){ref-type="fig"} and [C](#fig4){ref-type="fig"}), while immunofluorescence assays (IFAs) showed proper localization to the SPC as well ([Fig. 4D](#fig4){ref-type="fig"}). The resulting MyoF knockout strain (Δ*MyoF*) was then compared to the parental strain, complement (Δ::*MyoF-Ty*) strain, and CytD control strain in our flow cytometry-based endocytosis assay. We observed an 86% reduction in the rate of endocytosis in the Δ*MyoF* mutant ([Fig. 4E](#fig4){ref-type="fig"}; quantified in panel [F](#fig4){ref-type="fig"}), which was a much less severe phenotype than the nearly complete ablation of BSA-647 uptake seen in the dominant-negative overexpression line ([Fig. 3I](#fig3){ref-type="fig"} and [J](#fig3){ref-type="fig"}). This endocytic rate defect was also shown to be restored in the complemented line ([Fig. 4E](#fig4){ref-type="fig"}; quantified in panel [F](#fig4){ref-type="fig"}). A small but significant change in the percentage of cells actively endocytosing was also observed ([Fig. 4G](#fig4){ref-type="fig"}). This suggested that the catalytically dead MyoF-K198Q protein was poisoning other aspects of endocytosis separate from the direct function of MyoF and that SPC-mediated uptake was likely driven by redundant mechanisms such as additional myosin motors. We also generated deletion mutants of CP1 and CP2 ([@B26]) ([Fig. S5A](#figS5){ref-type="supplementary-material"} and [B](#figS5){ref-type="supplementary-material"}) which exhibited 35% and 40% reduced feeding rates, respectively ([Fig. S5C](#figS5){ref-type="supplementary-material"}; quantified in panel D). A minor reduction in the total number of parasites undergoing endocytosis was also seen in the Δ*MyoF* and Δ*cp2* mutants but not the Δ*cp1* mutants ([Fig. S5E](#figS5){ref-type="supplementary-material"}). During replication, the SPC is disassembled and endocytosis does not occur ([@B19]), suggesting the possibility that Δ*MyoF* and Δ*cp2* mutants may spend increased time in those stages of the cell cycle.

![MyoF deletion mutants exhibit a reduction in the rate of SPC endocytosis. (A) Scheme for CRISPR/Cas9 gene replacement and complementation strategy used to generate Δ*MyoF* deletion and complemented (Δ::*MyoF*-*Ty*) mutants. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (B) PCR amplification of the genomic locus showing replacement of both parental loci (high-molecular-weight \[MW\] band) with the blasticidin resistance gene (low-MW band) in a subclone of the Δ*MyoF* mutant. PCR of a nonsubcloned population of complemented parasites shows insertion of the MyoF-Ty-Hygro repair template into the *MyoF* locus. (C) Anti-Ty immunoblot of lysates from parental, Δ*MyoF*, and (Δ::*MyoF*-*Ty*) epimastigotes showing expression of MyoF-Ty in the complemented parasites. (D) Immunofluorescence assays of a (Δ::*MyoF*-*Ty*) epimastigote showing expression and proper SPC localization of MyoF-Ty. (E) Flow cytometry analysis of epimastigotes fed fluorescent BSA showing a reduced rate of feeding in Δ*MyoF* mutants, a phenotype that is partially rescued in the complemented (Δ::*MyoF*-*Ty*) mutants. (F) Quantification of the feeding rate results represented by reduced mean fluorescence of endocytosing epimastigotes. A dramatic reduction in the feeding rate was seen in the Δ*MyoF* mutants, which was partially rescued by complementation (Δ::*MyoF-Ty*). (G) A minor but statistically significant percentage of the total number of Δ*MyoF* and (Δ::*MyoF*-*Ty*) epimastigotes showed reduced levels of endocytosed fluorescent BSA during the assay.](mSphere.00313-20-f0004){#fig4}
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Plasmid constructs generated and used in this work. (A) Schematic of the pMiniTREX vector based on the picoZ minimalist vector, combined with elements of pTREX and a new prostaglandin F2alpha synthase (TcYC6_0070460) intergenic region used for the selection marker (instead of the usual repeat of the GAPDH \[glyceraldehyde-3-phosphate dehydrogenase\] intergenic region). (B) Schematic of the pMiniTREX-spCas9 vector lacking a selection cassette for transient expression of spCas9. (C) Schematic of the pTMiniTREX, which contains the Bba_B1006 terminator upstream of the insertion site, to reduce any potentially toxic expression of cloned products during cloning from cryptic bacterial promoters in the HX1 intergenic region. (D) Schematic of the pTMiniTREX-spCas9 vector with selection cassette. Download FIG S4, PDF file, 0.2 MB.
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Δ*cp1* and Δ*cp2* deletion verification and representative endocytosis assay. (A and B) PCR amplification of the genomic locus of CP1 (A) and CP2 (B) showing replacement of both parental loci (high-MW band) with the blasticidin resistance gene (low-MW band). (C) Representative endocytosis assay of Δ*cp1* and Δ*cp2* mutants. (D) Quantification of the feeding rate results represented by reduced mean fluorescence of endocytosing epimastigotes. A dramatic reduction in the feeding rate was seen in the Δ*MyoF* mutants, and a reduction in the feeding rate was also observed in the Δ*cp1* and Δ*cp2* epimastigotes. (E) A significantly reduced percentage of both Δ*MyoF* and Δ*cp2* epimastigotes endocytosed BSA during the feeding assays. This defect was not observed in Δ*cp1* epimastigotes. Download FIG S5, PDF file, 0.7 MB.
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Four distinct orphan myosin isoforms target to the SPC endocytic structure. {#s2.4}
---------------------------------------------------------------------------

To determine if the observed discrepancy in endocytic rates between the Δ*MyoF* knockout and the dominant-negative MyoF mutants was due to functional redundancy by additional unknown myosins, we proceeded to localize all the remaining orphan myosins of T. cruzi originally identified bioinformatically by de Sousa et al. ([@B27]). We suspected that a built-in redundancy in this system may exist in a manner analogous to what has been observed in a variety of vesicular trafficking systems ([@B37], [@B38]). Using our C-terminal mNeon fusion screening methodology and a new minimal pTREX vector that we named pMiniTrex ([Fig. S4A](#figS4){ref-type="supplementary-material"}), we cloned seven additional myosin isoforms: MyoA1 (TcYC6_0002820), MyoA2 (TcYC6_0004170), MyoB (TcYC6_0044730), MyoC (TcYC6_0123790), MyoD (TcYC6_0062870), MyoE (TcYC6_0066350), and MyoG (TcYC6_0075240). Epimastigote parasites were then transfected with fusion constructs followed by staining with ConA and imaging using fluorescence microscopy. From this screen, we determined that, while four of the seven orphan myosins showed a diffuse cytosolic localization ([Fig. S6A](#figS6){ref-type="supplementary-material"} to [D](#figS6){ref-type="supplementary-material"}), three of them targeted to the SPC: MyoB, MyoC, and MyoE ([Fig. 5](#fig5){ref-type="fig"}). In a pattern similar to what we see with MyoF, MyoC also appeared to target to the cytopharynx tubule ([Fig. 5A](#fig5){ref-type="fig"}). Curiously, however, MyoB and MyoE appeared to localize not to the cytopharynx tubule but rather to a subregion of the SPC we refer to as the [p]{.ul}re[o]{.ul}ral [r]{.ul}idge (POR). This POR targeting hypothesis is supported by the colocalization of MyoB and MyoE with ConA staining ([Fig. 5B](#fig5){ref-type="fig"} and [C](#fig5){ref-type="fig"}). Interestingly, a dichotomous pattern has thus emerged in the substructure of the SPC, with proteins appearing to target generally to either one of two places: the tubular cytopharynx structure or the preoral ridge. The functional significance of these localization patterns, however, remains to be determined.

![Three additional T. cruzi myosins localize to the SPC. (A) Overexpression and superresolution structured illumination (SR-SIM) microscopy of MyoC-mNeon revealed cytopharynx localization, suggesting that MyoC may provide redundancy to the cytopharynx endocytic machinery. (B and C) MyoB (B) and MyoE (C) both localize to the preoral ridge of the SPC (purple arrows). Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (blue). Scale bars, 2 μM.](mSphere.00313-20-f0005){#fig5}
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Cytosolic labeling of the other orphan myosins in epimastigotes. SR-SIM imaging of both MyoA isotypes (A and B), MyoD (C), and MyoG (D) showed only diffuse cytosolic labeling. Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (blue). Scale bars, 2 μM. Download FIG S6, PDF file, 0.2 MB.
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The tail domain of each SPC myosin isoform is sufficient to target mNeon to the SPC. {#s2.5}
------------------------------------------------------------------------------------

Our observations indicating that two of the SPC myosin isoforms targeted to the tubular invagination whereas two others trafficked to the preoral ridge region were noteworthy and implied a high degree of restrictive organization in these sectors of the endocytic structure. As is seen in other model organisms, there are often multiple myosin isoforms that operate in semisegregated locations within an individual cell, and although many of these molecular motors contain the standard motor head, linker/hinge, and dimerization coil domains, the most divergent areas of the protein are often located at the C termini. These regions, referred to as the cargo binding domains, are largely responsible for the subcellular localization of different isoforms ([@B39][@B40][@B41]). This, in turn, gives the cell the ability to specialize enzymatic machinery with similar capacities, e.g., that of walking on actin filaments, and to target them to engage with distinct molecular components in various areas of the cells. To assess the location of the SPC targeting information, we cloned the C-terminal region, after the motor head domain of each myosin isoform (summarized in [Fig. 6A](#fig6){ref-type="fig"}), and fused it to a constitutively expressed mNeon reporter in our modified bacterial terminator-containing pTMiniTrex vector to prevent potentially toxic expression during cloning from cryptic bacterial promoters in the pTREX HX1 intergenic region ([Fig. S4C](#figS4){ref-type="supplementary-material"}). To investigate the MyoF C-terminal tail, we first cloned the sequence downstream of the SCP1 domain (amino acids \[aa\] 1145 to 1481). Using this sequence (MyoF-Ct1), mNeon targeted to the SPC in a manner similar to that seen with full-length MyoF ([Fig. 6B](#fig6){ref-type="fig"}), demonstrating that this region is sufficient for targeting to the SPC cytopharynx. To further narrow down the targeting region, we split this portion into two halves, MyoF-Ct2 (aa 1145 to 1302) and MyoF-Ct3 (aa 1303 to 1482), to test their ability to target mNeon to the SPC. While the N-terminal half, MyoF-Ct2, showed mislocalization to a kinetoplast DNA (kDNA)-adjacent region ([Fig. 6C](#fig6){ref-type="fig"}, arrowhead), the MyoF C-terminal half, Myo-Ct3, was sufficient for cytopharynx targeting of mNeon ([Fig. 6D](#fig6){ref-type="fig"}), albeit with a signal that was more diffuse than that observed with MyoF-Ct1, suggesting that both parts of the C-terminal domain likely contribute to efficient localization. We approached MyoC in a similar manner, demonstrating that the C-terminal tail region, but not the Yqik domain, was sufficient for targeting mNeon to the SPC cytopharynx ([Fig. 6E](#fig6){ref-type="fig"} and [F](#fig6){ref-type="fig"}). Likewise, the C-terminal regions of both MyoE and MyoB were able to target mNeon to the SPC preoral ridge ([Fig. 6G](#fig6){ref-type="fig"} and [H](#fig6){ref-type="fig"}). In total, these observations suggest that the restricted localization that we see for each myosin is most likely due to its C-terminal interaction with the distinct SPC machinery preferentially localized to these regions. The identity of these interaction partners and the minimal domain or motif required for targeting will be the subject of future investigations.

![The C-terminal tail regions of myosin F, C, B, and E are sufficient for SPC targeting. (A) Schematic of myosin genes and the regions (green and red lines) that were fused to the C terminus of mNeon for localization. The green-colored regions were sufficient for localization to the SPC when fused to mNeon, whereas the red-colored regions were not. (B, C, and D) The MyoF-Ct1 (B) and MyoF-Ct3 (D) regions were sufficient to target mNeon to the SPC cytopharynx, although MyoF-Ct3 had a notably less defined localization. MyoF-Ct2 (C) was not sufficient for SPC targeting but did demonstrate localization adjacent to the kinetoplast (arrowhead). (E and F) MyoC-Ct2 (F) was sufficient for targeting mNeon to the SPC cytopharynx, whereas MyoC-Ct1 (E) was not. (G and H) The C-terminal regions of MyoB (G) and MyoE (H) were both sufficient to target mNeon to the SPC preoral ridge. Nuclei and kinetoplasts in all fluorescent images were stained with DAPI (blue). Scale bars, 2 μM.](mSphere.00313-20-f0006){#fig6}

DISCUSSION {#s3}
==========

In our previously published study on the T. cruzi cyto[s]{.ul}tome-cyto[p]{.ul}harynx [c]{.ul}omplex (SPC) ([@B26]), we identified the first known protein components of the SPC in this or any organism and demonstrated that the SPC protein CP1 follows a pattern of altered expression and localization when this structure breaks down during division and infectious-stage transformation. This confirmed what had been observed structurally in prior EM tomography studies, and we assume that this is most likely a general pattern for most SPC proteins ([@B19], [@B20]). We initially, and without success, sought to identify, through protein interaction studies, specific molecular machinery that could provide some functional insight into how this organelle draws in sustenance from the extracellular milieu. As an alternative, we decided to leverage our identification of the SPC components, CP1, CP2, and CP3, to perform a bioinformatics-based search. Using the genomic sequences of distantly related kinetoplastids, as well as T. cruzi transcriptional data archived in the kinetoplastid TriTryp database ([tritrypdb.org](http://tritrypdb.org)), we built filtering criteria to predict potential SPC components. From the resulting narrowed list of over 200 genes, we prioritized those that were highly expressed during the replicative stages of the parasite when the SPC is active and focused on enzymatic proteins as they had the potential to shed light on how this structure operates mechanistically. In this list, we observed the presence of two myosin domain-containing proteins (MyoF and MyHd) that were of particular interest since it is well known that enzymatic motor proteins play critical roles in vesicular trafficking in eukaryotes and also because it had been observed that endocytosis in T. cruzi is severely affected by cytochalasins, inhibitors of the actin filament substrate of myosins ([@B34], [@B35]). These myosins also caught our attention because they are present in the SPC-containing T. cruzi but were lost in the SPC-less pathogenic trypanosomatids: T. brucei and *Leishmania* spp. Thus, we speculated that these enzymes may have been discarded when the SPC was abandoned as a primary mode of endocytosis ([@B27]).

We initially subjected the two orphan myosins and various hypothetical proteins to localization screening and demonstrated that the active myosin (MyoF) and the pseudomyosin (MyHd) and four additional hypothetical proteins targeted to subregions of the SPC. Our continued work on this structure has highlighted three major regions of the SPC where proteins regularly target: the cytopharynx (tubular invagination), the preoral ridge (the region between the cytostome entrance and flagellar pocket), and the less-well-defined microtubule root fibers (guiding the cytoskeletal structure upon which the SPC is built) ([@B21]). CP4, we believe, localizes to the latter, although well-characterized markers for root fibers in T. cruzi are lacking. CP5, CP6, and CP7 have an evident focal localization at a region that coincides with the POR ([@B22], [@B23], [@B26], [@B42], [@B43]). MyoF and MyHd, on the other hand, presented in much the same way as CP1 did, as long linear structures that descend deep into the parasite body, a characteristic of the cytopharynx ([@B26]). How the cytostome-cytopharynx complex actually pulls in cargo-laden vesicles to be digested was not known; thus, we decided to focus on the predicted functional myosin (MyoF) to determine if this motor played an active role in the endocytic process. By overexpressing a catalytically dead rigor mutant of MyoF (MyoF-K198Q), we were given the first hint that myosins play an important role in normal SPC function ([@B33], [@B44]). These mutants, while viable and with normal growth kinetics, demonstrated nearly undetectable levels of endocytosis that mirrored what we saw with CytD-treated controls, a counterintuitive observation that conflicted with our original hypothesis that SPC-mediated endocytosis was essential for parasite growth.

It quickly became clear that a lack of endocytosis had no adverse effect on axenic growth of epimastigote parasites in culture; therefore, we were forced to reconsider the role that this organelle plays in nutrient acquisition and to ask an obvious question: what then is the purpose of cytostome-cytopharynx complex in the parasite life cycle? Although preliminary and outside the scope of this study, we have observed that epimastigote mutants deficient in endocytosis demonstrate an acute sensitivity to starvation conditions that are easily survived by wild-type parasites. We find this interesting because starvation represents, in many ways, an environmental eventuality anticipated by the parasite in the insect hindgut and also serves as a robust trigger for metacyclic-stage transition (i.e., metacyclogenesis) ([@B16], [@B45], [@B46]). As a result, we hypothesize that the SPC may, in fact, be part of the transmission strategy used by epimastigotes to persist in the insect vector hindgut during the long periods, often a month or more, between blood meals. It is possible that cytostome-based feeding could serve as T. cruzi's solution to long-term macromolecular nutrient storage. This is an appealing hypothesis since other modes of classical carbohydrate storage, such as glycogen in animal cells or amylopectin in apicomplexans, have not been observed in this parasite and thus it remains unknown how T. cruzi survives long periods of nutrient scarcity ([@B47][@B48][@B49]). T. cruzi, it seems, may rely on SPC-mediated endocytosis in order to stockpile engulfed proteins and lipids inside the dense vesicular depot known as the reservosome ([@B50][@B51][@B53]). Work by others has shown that when nutrients become limited, T. cruzi activates its autophagy pathway, resulting in the acidification and activation of cysteine proteases in its reservosomes and thereupon converting them from late endosome-like vesicles into digestive lysosomes ([@B46], [@B54]). Additionally, metabolomic studies have demonstrated that under starvation conditions, parasites transition their metabolism away from glycolysis and become reliant on amino acid catabolism for energy production. Proteins and lipids digested in reservosomes could, theoretically, provide the raw materials needed to support this marked metabolic shift ([@B55]). Thus, it has been seen that by the end of metacyclogenesis, there is a pronounced decrease in the number of reservosome structures as they appear to be consumed to support stage conversion and maintain parasite viability ([@B56]). The functional role of the SPC is an important question that we will address in greater detail as we continue to dissect the nature of this endocytic organelle and its role in the various stages of the T. cruzi life cycle.

Since endocytosis did not appear to be critical for parasite viability in culture, we suspected that we could knock out SPC components directly without the need for a conditional KO or knockdown approach. We subsequently generated clonal homozygous KO strains of CP1, CP2, and MyoF and conducted endocytosis assays on the resulting mutants. Although we saw a reduction in endocytic rate in CP1 and CP2 KO strains, a much more significant decrease was observed in the Δ*MyoF* mutant and this defect was restored upon reintroduction of MyoF-Ty into the genome. However, because we had expected a complete loss of endocytosis in the Δ*MyoF* mutant, this led us to theorize that there may be additional myosin motors operating in either a redundant or compensatory capacity when MyoF is lost. The potential for myosin redundancy in endocytosis does have some precedence and has been observed in studies of *Arabidopsis* ([@B37], [@B38]). Our subsequent localization experiments revealed that, indeed, a total of four different myosin motors target to this organelle. Two of the myosins (MyoF and MyoC) target to the cytopharynx and two others (MyoB and MyoE) target to the POR (summarized in [Fig. 7](#fig7){ref-type="fig"}). As a result, it is possible that the cytopharyngeal MyoC may be responsible for facilitating the remaining endocytosis observed in the Δ*MyoF* mutant.

![A family of orphan myosins target to distinct regions of the SPC. A cartoon schematic of a T. cruzi epimastigote is shown, highlighting the internal and external structures of the cytostome-cytopharynx complex. The microtubules of the axoneme, cytoskeleton, and root fibers are depicted in gray. The individual components of the SPC and parasite body are referenced in the associated key. Different colored lines denote the observed locations of the four orphan myosins targeted to distinct subregions of the cytostome-cytopharynx complex.](mSphere.00313-20-f0007){#fig7}

As we have noted previously, the plasma membrane at the POR gives the impression of a flowing river of membrane that emanates from the flagellar pocket and binds cargo at the parasite surface before descending into the cytostome itself, thus providing a mechanism for membrane homeostasis and receptor recycling ([@B22], [@B23], [@B42], [@B43]). This observation combined with the distinct localization of various proteins to this region implies that the POR may be an independently functioning subdomain of the SPC. In line with this thinking, the tightly restricted distribution of each myosin to subdomains of the SPC suggests that each subgroup potentially carries out independent and nonoverlapping functions. The myosin motors targeted to this POR region (MyoB and MyoE) may therefore function to propel bound surface cargo to the cytostome entrance, while those myosins on the tubular cytopharynx (MyoF and MyoC) could potentially serve to transport endocytosed vesicles to the posterior reservosomes for storage. Future combinatorial KO lines will no doubt be useful in determining the exact contribution of each myosin to these activities.

In summary, we have identified the first known molecular machinery involved in promoting the flow of endocytosed material into the cytostome-cytopharynx complex. To date, no clear descriptions of the mechanistic underpinnings that account for how this structure operates in any protozoan have been presented and this report provides the first evidence that the activity is driven, at least in part, through the action of myosin motors. Future studies will focus on discovering universal motifs or domains that drive various protein components to associate with the SPC and address what effect a loss of endocytosis would have on the ability of T. cruzi to propagate infection in both its arthropod and mammalian hosts.

MATERIALS AND METHODS {#s4}
=====================

Parasite cultures. {#s4.1}
------------------

Y strain epimastigotes were cultured in LDNT/LIT (liver digest neutralized tryptose/liver infusion tryptose) medium ([@B57]) that was supplemented with 15% heat (76°C)-inactivated ([@B26]) fetal bovine serum (FBS) (VWR, USDA certified). To obtain amastigotes, metacyclic trypomastigotes generated as previously described ([@B26]) were added to T25 flasks or coverslips containing confluent human foreskin fibroblasts (HFF). Infected monolayers were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM-HG) (HyClone) supplemented with [l]{.smallcaps}-glutamine and 1% heat (56°C)-inactivated Cosmic calf serum (CCS) (HyClone).

Epimastigote growth assays. {#s4.2}
---------------------------

Growth assays were performed as previously described ([@B26]). A total of 5 × 10^6^/ml epimastigotes of each strain were seeded into LIT media containing 15% heat-inactivated FBS. Counting was performed using a Coulter counter (Beckman Coulter).

Generation of overexpression constructs and transfections. {#s4.3}
----------------------------------------------------------

For overexpression of mNeon-Ty tagged proteins, we utilized (i) the original pTREX vector ([@B28]) modified with the T. cruzi-optimized and "fixed" neomycin resistance cassette as previously described ([@B26]); (ii) the minimal pTREX vector that we had generated, pMiniTREX (see [Fig. S4A](#figS4){ref-type="supplementary-material"} in the supplemental material); or (iii) pTMiniTREX with the BBa_B1006 terminator ([@B58]) upstream of the insertion site ([Fig. S4C](#figS4){ref-type="supplementary-material"}). Final vectors were assembled using an NEB HiFi assembly kit. Parasites were transfected as described previously by Lander et al. ([@B59]) using a BTX ECM 830 system (Harvard Apparatus). However, only two electroporation pulses were used for transient transfections to reduce parasite loss for 48 h posttransfection imaging. A list of the DNA primers used during this work can be found in [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.
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Western blotting and immunofluorescence assays. {#s4.4}
-----------------------------------------------

Western blotting and immunofluorescence assays (IFAs) were performed as previously described ([@B26]). Immunoblots were probed with anti-Ty mouse monoclonal antibody (MAb BB2) at 1:1,500, and loading controls were extracted from Stain-Free gel (Bio-Rad) total protein images. Anti-CP1 mouse polyclonal antibody ([@B26]) was used at a dilution of 1:500.

Fluorescent microscopy. {#s4.5}
-----------------------

Generation of mounted samples for fluorescence imaging was performed as previously described ([@B26]). Rhodamine-conjugated concanavalin A (Vector Laboratories) labeling of the preoral ridge was performed as described previously ([@B26]) using a concentration of 10 μg/ml. Images were obtained using the Zeiss Elyra S1 structured illumination microscope in the Center for Tropical and Emerging Diseases Biomedical Microscopy Core (BMC; Athens, GA).

Sequence alignment and structure prediction. {#s4.6}
--------------------------------------------

T-Coffee ([@B60]) was used to generate sequence alignments, and alignment figures were produced using Jalview 2 software ([@B61]). Structure prediction of MyoF was generated using the I-TASSER server ([@B62]).

Bioinformatic analysis of Trypanosoma cruzi genes. {#s4.7}
--------------------------------------------------

Identification of potential SPC genes was performed using the EuPathDB (TriTrypDB) Orthology Phylogenetic Profile tool in the manner represented in [Fig. 1](#fig1){ref-type="fig"}. The recently assembled *T. cruzi* Y-strain genome (W. Wang et al., unpublished data) was used as the reference in all bioinformatic searches and experimental procedures.

Flow cytometry-based endocytosis assays. {#s4.8}
----------------------------------------

Epimastigotes growing in log phase were counted using a Beckman Coulter counter, and a total of 5 × 10^6^ cells were collected per sample and placed into 1.7-ml centrifuge tubes. Cells were pelleted at 1,000 × *g* at 4°C for 10 min. The supernatant was removed, and cells were resuspended in 500 μl of HBSS (Hanks balanced salt solution). Cytochalasin D (10 μM final concentration) was added to one sample 10 min prior to feeding as a negative control for endocytosis. Endocytosis was monitored by feeding parasites Alexa Fluor 647-conjugated BSA (Thermo Fisher) (final concentration of 10 μg/ml). Cells were subjected to brief vortex mixing and incubated at 28°C for 30 min in the dark. After feeding, each sample was transferred to 10 ml of HBSS as a wash. Cells were pelleted at 1,000 × *g* at 4°C for 10 min, the supernatant was removed, and the cells were resuspended in 1 ml of fresh HBSS and maintained on ice. Each flow cytometry sample was run using a Quanteon flow cytometer (Acea Bio) and analyzed using FlowJo.

CRISPR/Cas9-mediated gene deletion and complementation. {#s4.9}
-------------------------------------------------------

Generation of deletion mutants was performed as described by Lander et al. ([@B59]) with modifications. The Cas9 and guide RNA (gRNA) regions were cloned from the single guide RNA (sgRNA)/Cas9/pTREX-n plasmid constructed by Lander et al. and inserted into a version of the pMiniTREX plasmid without a drug selection marker ([Fig. S4B](#figS4){ref-type="supplementary-material"}), for transient expression. Chosen protospacer regions were identified using the Eukaryotic Pathogen CRISPR guide RNA/DNA Design Tool server (<http://grna.ctegd.uga.edu/>) ([@B63]) and inserted into the vector using a NEB Q5 mutagenesis kit. Repair templates were generated by amplifying the blasticidin resistance gene that was cloned into PCR Blunt Topo II (Invitrogen) for this purpose. Primers for amplifying repair templates were generated containing the first 42 bp of the target gene's coding region on the forward primer and the last 42 bp of the target gene's coding region on the reverse primer. Amplification was performed in a 500 μl total PCR (50 μl each tube) using Q5 DNA polymerase (NEB). In order to generate complemented lines, repair templates for *MyoF-Ty* were generated in two steps. First, the MyoF gene was amplified and inserted into a pTMiniTrex plasmid containing the hygromycin resistance cassette. This construct was then used as a template for amplification of the repair fragment. This repair fragment was cotransfected with a pTMiniTrex-spCas9 plasmid ([Fig. S4D](#figS4){ref-type="supplementary-material"}) containing a guide RNA against the blasticidin cassette. Selection after transfection was performed as described for the knockouts with 250 μg/ml hygromycin instead of blasticidin. Transfections were performed as described above, using two electroporation pulses, and epimastigotes were maintained in 5 μg blasticidin (Gibco) starting 48 h after transfection. G418 (1,000 μg/ml) was also added 24 h after transfection and maintained for 7 days to stall epimastigote growth and maintain the presence of the transient Cas9-mNeon. After 7 days, epimastigotes were spun down and the medium was replaced with LIT containing only 5 μg blasticidin for outgrowth of deletion mutants. The transient Cas9-mNeon fluorescence was lost from the population during this outgrowth. Subcloning into 96-well plates was performed using a MoFlo Astrios EQ cell sorter in the Center for Tropical and Emerging Global Diseases Cytometry Shared Resource Laboratory (CSRL).

Statistical analyses. {#s4.10}
---------------------

Statistical analyses for endocytosis assays were performed using the unpaired *t* test function of the Prism Software suite. Analyzed experiments were performed as three biological replicates. *P* values are denoted as follows: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.

[^1]: **Citation** Chasen NM, Etheridge MG, Etheridge RD. 2020. The functional characterization of TcMyoF implicates a family of cytostome-cytopharynx targeted myosins as integral to the endocytic machinery of *Trypanosoma cruzi*. mSphere 5:e00313-20. <https://doi.org/10.1128/mSphere.00313-20>.
